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-PPAR␥ activators such as rosiglitazone (RSG) stimulate adipocyte differentiation and increase subcutaneous adipose tissue mass. However, in addition to preadipocyte differentiation, adipose tissue expansion requires neovascularization to support increased adipocyte numbers. Paradoxically, endothelial cell growth and differentiation is potently inhibited by RSG in vitro, raising the question of how this drug can induce an increase in adipose tissue mass while inhibiting angiogenesis. We find that adipose tissue from mice treated with RSG have increased capillary density. To determine whether adipose tissue angiogenesis was stimulated by RSG, we developed a novel assay to study angiogenic sprout formation ex vivo. Angiogenic sprout formation from equally sized adipose tissue fragments, but not from aorta rings, was greatly increased by obesity and by TZD treatment in vivo. To define the mechanism involved in RSG-stimulated angiogenesis in adipose tissue, the expression of proangiogenic factors by adipocytes was examined. Expression of VEGFA and VEGFB, as well as of the angiopoietin-like factor-4 (ANGPTL4), was stimulated by in vivo treatment with RSG. To define the potential role of these factors, we analyzed their effects on endothelial cell growth and differentiation in vitro. We found that ANGPTL4 stimulates endothelial cell growth and tubule formation, albeit more weakly than VEGF. However, ANGPTL4 mitigates the growth inhibitory actions of RSG on endothelial cells in the presence or absence of VEGF. Thus, the interplay between VEGF and ANGPTL4 could lead to a net expansion of the adipose tissue capillary network, required for adipose tissue growth, in response to PPAR␥ activators. neovascularization; endothelial cell; insulin resistance; diabetes; adipokines A CLOSE RELATIONSHIP EXISTS between ectopic fat accumulation in tissues such as muscle and liver and the development of insulin resistance. The primary defense against such ectopic lipid accumulation is a well-functioning adipose tissue capable of sequestering excess calories in the form of stored triglycerides (21) . Individual adipocytes within adipose tissue can expand markedly and in this manner accommodate increased triglyceride storage. However, sustained adipocyte hypertrophy can lead to cell death, potentially causing inflammatory responses and insulin resistance (11) . In the long term, sustained triglyceride sequestration requires tissue expansion, a process that is likely to depend on recruitment and differentiation of new adipocytes. In addition to preadipocyte differentiation, adipose tissue expansion absolutely requires the parallel growth of its capillary network. This requirement is evidenced by the finding that antiangiogenic agents mitigate genetic and high-fat diet-induced obesity and the observations of an increase in adipose tissue microcirculation during the onset of obesity (5, 7, 36, 43, 48) .
One of the most important regulators of adipocyte differentiation is the transcription factor peroxisome proliferator activated receptor-␥ (PPAR␥), which is required for adipocyte differentiation both in vivo and in vitro (32, 46) . Thiazolidinediones (TZDs) are a class of drugs that activate PPAR␥ and promote adipocyte differentiation (22, 29, 56) . TZDs enhance insulin sensitivity in patients with type 2 diabetes, but the precise mechanism by which TZDs exert this therapeutic action is not clear. One hypothesis is that they lower ectopic fatty acid accumulation in muscle and liver by promoting free fatty acid deposition in subcutaneous adipose tissue formed de novo in response to PPAR␥ stimulation (2, 9, 13, 35, 40, 47) . TZDs also enhance expression of mitochondrial genes in white adipocytes (4, 10, 50, 51) and adiponectin secretion (6) , an adipokine that enhances fatty acid oxidation. Thus, the therapeutic mechanism of TZD action is thought to involve the expansion of adipose tissue with enhanced metabolic and endocrine activities. Adipocyte PPAR␥ also appears to be required for the formation of the capillary network of adipose tissue, because preadipocytes expressing PPAR␥ dominant negative constructs not only fail to differentiate into adipose cells but also fail to induce angiogenesis (18) . The mechanisms by which adipocyte PPAR␥ targets induce adipose tissue angiogenesis are not well defined.
PPAR␥ is also present in endothelial cells, but paradoxically, multiple studies demonstrate that PPAR␥ activation suppresses the proliferation of endothelial cells in vitro and their differentiation into tube-like structures (24, 41, 52) . Furthermore, the antiangiogenic effect of PPAR␥ ligands such as the TZDs occurs in vivo, as evidenced by cornea (34) and chick chorioallantoic membrane (41) angiogenesis assays. Indeed, the antiangiogenic actions of PPAR␥ activators have prompted the use of TZDs as potential anticancer therapies (16) . These findings raise the question of how TZDs can promote the expansion of adipose tissue and at the same time inhibit angiogenesis.
In the current study, we have developed an ex vivo angiogenesis assay to determine whether the TZD rosiglitazone (RSG) enhances angiogenesis in adipose tissue. We find that both obesity and RSG treatment in vivo results in enhanced angiogenic potential of the adipose tissue capillary bed. Analysis of angiogenic factors in adipocytes of animals treated with RSG reveals enhanced expression of the essential proangiogenic factors VEGFA and VEGFB as well as of angiopoietinlike protein 4 (ANGPTL4, fasting-inducible adipocyte factor, PPAR␥ angiopoietin-related gene). We find that, in vitro, ANGPTL4 stimulates endothelial cell growth and differentiation, and, more importantly, it protects endothelial cells from the inhibitory actions of RSG. Thus, the combined production of VEGF and ANGPTL4 could lead to a net increase in angiogenesis in adipose tissue in response to systemic PPAR␥ stimulation.
MATERIALS AND METHODS
Reagents. All chemicals, unless specified, were purchased from Sigma Chemical. Rabbit polyclonal anti-mouse/rat ANGPTL4 antibody was from Invitrogen. CD31 antibody used for immunomagnetic purification of microvascular endothelial cells (MEC) was from Serotec. Antibodies to CD31 (for immunohistochemistry), CD144 (VEcadherin), and FITC-conjugated anti-BrdU antibody were from BD Pharmingen. Endothelial cell basal medium-2 supplemented with endothelial growth factors (EGM-2) was from Lonza. Matrigel was from BD Discovery Labware. Recombinant ANGPTL4 was from Abnova. SMARTpool siRNA against ANGPTL4 was purchased from Dharmacon along with nonspecific scrambled siRNA.
Animals. Male 10-wk-old ob/ob and C57BL/6J mice (Jackson Laboratory) were housed (n ϭ 2/cage) under 12:12-h light-dark cycles, with ad libitum access to food and water, and kept on standard pellet mouse chow. At 24 -26 wk of age, the chow of one-half of the mice was supplemented with 5 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 of Avandia RSG maleate tablets (SmithKline Beecham Pharmaceuticals) or 10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 of Actos tablets (Takeda Pharmaceuticals). Mice were killed at 26 -28 wk after 2 wk of drug treatment, followed by 18 h of fasting. Thoracic aortas and epididymal fat pads were harvested. All procedures were approved by the University of Massachusetts Medical School Institutional Animal Care and Use Committee.
Preparation of adipose tissue explants. Freshly harvested epididymal fat pads were placed in Krebs-Ringer solution buffered with HEPES (KRH), pH 7.4, supplemented with 2.5% BSA, and finely minced with scissors. Enzymatic digestion was performed in KRH supplemented with 1 mg/ml collagenase type I and 2.5% BSA (pH 7.4), using shaking orbital bath for 30 min at 37°C. The undigested tissue was separated from isolated adipocytes by filtration through chiffon material. The tissue remaining on the chiffon, comprising stromovascular fraction of adipose tissue with few remaining attached adipocytes, was collected, washed, cut into small (1 mm 3 ) pieces, and embedded in Matrigel for the angiogenesis assay described below.
Ex vivo angiogenesis assay. Freshly isolated thoracic aortas and epididymal fat pad pieces prepared as described above were washed under sterile conditions in several changes of ice-cold EGM-2. Aorta rings and epididymal fat pad explants were embedded in growth factor-depleted Matrigel as suggested by the manufacturer. Capillary sprouts from aorta rings and epididymal fat pad explants were counted daily for 2 wk along the perimeter of each sample under ϫ100 magnification.
Cell culture. Human umbilical endothelial cells (HUVEC), 3T3-L1 preadipocytes, Cos-7 monkey kidney cells, C 2C12 mouse myobalst cells, and HeLa human cervix carcinoma cells were purchased from American Type Culture Collection. HUVEC were cultured in EGM-2 in the presence of 5% CO 2. All other cell types were cultured in DMEM supplemented with 10% FBS, 100 U penicillin/ml, and 100 g streptomycin/ml (complete DMEM) in 10% CO 2. Confluent 3T3-L1 cells were differentiated into adipocytes by incubation in complete DMEM supplemented with 0.5 mM 3-isobutyl-1-methylxanthine, 0.25 M dexamethasone, and 1 M insulin for 72 h, after which cells were cultured for an additional 5-6 days in complete DMEM. For siRNA experiments, 3T3-L1 adipocytes were transfected on day 5 after the beginning of differentiation, as described previously (26) .
Isolation of primary MEC. Epididymal fat pads from C57BL/6J mice (ϳ20 -24 fat pads) were pooled and enzymatically digested as described above. Pieces of undigested tissue were layered on top of 45% Percoll solution in phosphate-buffered saline (PBS) and centrifuged at 400 g for 30 min at 4°C. The second layer containing MEC and microvascular fragments was transferred into EGM-2 for MEC and utilized for separation via differential cell attachment, as described previously (17) . Rat anti-mouse CD31 antibody in combination with Dynabeads (Dynal Biotech) was used for immunomagnetic purification of MEC in accordance with the manufacturer's instructions. The identity of the purified cells as endothelial was confirmed by immunostaining and by the ability to form capillary tubes on Matrigel.
Capillary tube formation on matrigel. HUVEC were plated in 24-well tissue culture plates (25,000 cells/well) precovered with growth factor-depleted Matrigel and incubated for 24 h as indicated in each experiment. Cells were fixed for 10 min in 4% paraformaldehyde in PBS. Differentiation of HUVEC into capillary-like tubes was assessed by two independent investigators by counting the number of capillary branches under ϫ100 magnification.
BrdU incorporation assay. HUVEC were plated in 75 mm 2 tissue culture flasks and incubated for 20 h as indicated in each experiment, followed by 4 h with 50 M BrdU. Cells were harvested, resuspended in 1.5% BSA in PBS, and fixed in ice-cold 70% ethanol for 30 min. Cells were then incubated at room temperature for 30 min in 2 N HCl and 0.5% Triton X-100 in PBS, neutralized in 0.1 M Na 2B4O7 (pH 8.5), and washed in 1% BSA 0.5% Tween-20 PBS for 30 min. FITC-conjugated anti-BrdU antibody was then added for 60 min, and the fluorescence intensity of the cell suspension was measured using 96-well multiwell dishes at laser excitation of 488 nm with a TECAN Safire 2 multiwell reader. RNA isolation and quantitative RT-PCR. Total RNA from isolated adipocytes was extracted with Trizol Reagent. After RNase-free DNase I digestion, RNA was purified with Qiagen RNeasy MinElute cleanup kit. The purified RNA was then used to synthesize cDNA (iScript cDNA Synthesis kit). Real-time PCR was performed with iQ SYBR Green Supermix on MyiQ single-color real-time PCR detection system from Bio-Rad. The 2
Ϫ⌬⌬CT method was used to analyze the relative mRNA level. Ferritin heavy chain or actin mRNAs were used routinely as internal controls. Primers were designed using Universal Probe Library (Roche Diagnostics) and are available upon request.
Western blotting. Equal amounts of protein (20 g for VE-Cadherin analysis) or equal amount of medium (40 l for ANGPTL4 analysis) were loaded on 15 or 10% polyacrylamide gels, respectively, and transferred into nitrocellulose membrane (PerkinElmer Life Science) according to a standard procedure. The membranes were blocked with 5% dry nonfat milk and 1% BSA for 1 h at room temperature and blotted with relevant primary antibodies overnight at 4°C (anti-VECadherin diluted 1:200 and anti-ANGPTL4 diluted 1:500). Secondary antibodies used were anti-rabbit IgG horseradish peroxidase conjugated (1:75,000; Promega, Madison, WI) for ANGPTL4 and rabbit anti-rat IgG (H ϩ L) horseradish peroxidase conjugated for VECadherin (Zymed). Blots were developed using Western Lightning Chemiluminiscent reagent (PerkinElmer Life Science).
Immunohistochemical staining and analysis. Epididymal fat pads were fixed for 24 h in Zinc fixative (BD Pharmingen), washed in PBS, and embedded in paraffin. Longitudinal sections of 5-m thickness were cut, mounted on Superfrost Plus microscope slides (Fisher Scientific), and stained with rat anti-mouse CD31 antibody, and indirect immunoperoxidase method (LSAB ϩ system; DakoCytomation) was employed to visualize endothelial cells. Sections were processed simultaneously with isotype controls. All sections were counterstained with hematoxylin.
Affymetrix GeneChip expression analysis. Total RNA was prepared from three 150-mm dishes of 3T3-L1 cells on each day of differentiation. Affymetrix protocols were followed for the preparation of cRNA from total RNA, which was hybridized according to Affymetrix instructions for an MOE430-2 chip. The GeneChips were washed with a GeneChip Fluidics Station 400 and scanned with an HP GeneArray Scanner (Affymetrix). Raw expression data were analyzed with the Bioconductor statistical environment using RMA and MAS5, a Bioconductor implementation of the MAS 5.0 algorithm (Affymetrix). The "fold change" for each gene was determined by dividing the mean of the average difference from three independent experiments.
Statistical analysis. Means of two populations were compared by Student's t-test. To compare means of several populations, one-way ANOVA analysis of variance was used, followed by Tukey's multiple comparison posttest. Data are presented as means Ϯ SE. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
To determine whether RSG treatment affects the adipose tissue capillary network, we performed an immunohistochemical analysis of excised fat pads using antibody to CD31, a marker of endothelial cells. It has been described previously that TZDs stimulate the formation of small adipocyte clusters within subcutaneous adipose tissue of rats (13, 40) . Consistent with these reports, we find that RSG-treated mice contain a larger proportion of small (Ͻ20 m diameter) adipocytes (11 vs. 39%, untreated ob/ob vs. RSG-treated ob/ob mice). We compared capillary density in randomly chosen areas containing both small and large adipocytes in RSG-treated ob/ob mice with the capillary density of fat tissue from untreated ob/ob mice (Fig. 1, A and B) . The epididymal fat pad capillary density was 25% higher in RSG-treated ob/ob mice compared with untreated controls (Fig. 1C) .
The histological analysis of increased capillary density in adipose tissue from RSG-treated animals is complicated by the heterogeneity in adipose cell size. Thus, as an alternative method to determine capillary abundance, equal amounts of protein from adipose tissue extracts were analyzed by Western blotting with antibodies to VE-cadherin, an endothelial cellspecific marker (Fig. 1D) . The concentration of VE-cadherin was increased in response to both obesity and RSG treatment. Together these results indicate that increases in fat mass, as well as RSG treatment, are accompanied by increased capillary density in adipose tissue.
To determine whether the increased capillary density in adipose tissue seen in obesity and after treatment with RSG was due to an angiogenic response to the drug, we sought to develop a specific angiogenesis assay. Angiogenesis can be studied ex vivo by culturing aorta rings in proangiogenic medium. We used this approach to determine whether RSG treatment affects angiogenic activity. We also determined whether this assay could be used to measure angiogenic potential of the adipose tissue capillary network by embedding adipose tissue fragments previously depleted of adipocytes, as described in MATERIALS AND METHODS. Capillary sprout formation from both aorta and adipose tissue explants could be observed (Fig. 2, A and B) . Maximum capillary density was seen after 13-14 days in culture (not illustrated). This maximum capillary density was maintained for 5-7 more days, after which cells began to lose their original morphological appearance and entered apoptosis. Thus, the extent of capillary sprout formation was measured before 14 days.
The number of capillary sprouts developed from aorta explants from ob/ob mice was significantly lower than in aortas from control C57BL/6J mice (Fig. 2C) , a result consistent with a previous report showing decreased angiogenic competence of aorta in Zucker diabetic fatty rats (8) . Treatment of either ob/ob or C57BL/6J mice with RSG in vivo had no significant effect on the angiogenic potential of aortic explants from these animals, although the kinetics of sprout formation in aortas from C57BL/6J mice treated with RSG displayed a trend to accelerated growth at early time points in culture and a leveling of growth at later time points. However, none of these differences were statistically significant. In contrast to results in aorta, the number of capillary sprouts developed from adipose tissue explants from ob/ob mice was three times that from control C57BL/6J mice (Fig. 2D) , consistent with previous reports that indicate increased adipose tissue angiogenesis in obesity (7, 37, 48) and probably reflecting the increased angiogenesis necessary for the expansion of adipose tissue with the onset of obesity (5, 12) . When either ob/ob or C57BL/6J mice were treated with RSG, twice as many capillary sprouts developed from adipose tissue explants (Fig. 2D) , indicating In each experiment, ϳ20 fields from 6 separate sections/ mouse were analyzed, and Ն3 mice for each experimental group were used. Statistical analysis was by 2-tailed unpaired Student t-test. *P Ͻ 0.05. D: analysis of VE-cadherin (VE-C) content in epididymal fat pad extracts by immunobloting. Shown side by side are samples from 2 separate animals from each experimental group as indicated. Actin immunobloting of the same gel was used as a loading control. Band intensity was quantified by densitometry, and the average Ϯ SE of 4 independent experiments is plotted. Significance was determined using paired 1-tailed Student t-tests. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. AU, arbitrary units.
that RSG increases the angiogenic potential of the adipose tissue capillary network. Together these results indicate that the angiogenic response of different vascular beds to changing physiological conditions varies, with aortic angiogenic potential being decreased and adipose tissue angiogenic potential increased by obesity, with further increase in adipose tissue angiogenic potential induced by RSG.
The effect of RSG to increase angiogenesis in adipose tissue is likely to be due to the activation of its major target, PPAR␥. To gain further evidence for the specificity of this effect, we investigated the effect of pioglitazone, another clinically relevant PPAR␥ ligand. Similarly to the results seen with RSG, significantly more capillary sprouts developed from adipose tissue explants from ob/ob mice treated for 15 days with pioglitazone compared with untreated mice (Fig. 2E) . These results indicate that the increased angiogenic potential of adipose tissue from treated animals is likely to result from activation of PPAR␥.
The increased angiogenic potential of the adipose tissue capillary network ex vivo is likely to reflect an increased density of endothelial cells or endothelial cell precursors in adipose tissue in vivo. However, the direct effect of RSG on endothelial cells is to inhibit growth (24, 41, 52). Thus, its effects to cause a net increase in adipose tissue angiogenic potential could best be explained by a PPAR␥-stimulated secretion of adipocyte-specific factors capable of overcoming the direct antiangiogenic effects of RSG on endothelial cells. To search for such factors, we analyzed Affymetrix databases derived from 3T3-L1 adipocytes undergoing differentiation (Table 1) . Gene Ontology terms "angiogenesis" and "extracellular space" were used to filter databases derived from 3T3-L1 adipocytes before (day 0) and after 6 days of differentiation (day 6). Eleven annotated probes were found to significantly increase during differentiation, the top most abundant comprising adiponectin, ANGPTL4, VEGFA, and VEGFB. Both adiponectin and ANGPTL4 are expressed predominantly in adipose tissue and are known to be direct targets of PPAR␥ (27, 33, 53) , making them candidate mediators for the net proangiogenic effect of RSG. Neutralizing antibodies to VEGFA can inhibit adipogenesis induced by obesity (37) , suggesting that enhanced adipocyte VEGF expression may also be involved in the angiogenic response to RSG. The levels of ANGPTL6 mRNA were below detection level by quantitative real-time PCR in primary adipocytes, and thus this factor was not further investigated.
To determine the possible role of these factors, we analyzed their protein and mRNA levels in adipocytes from RSG-treated animals. Adipocytes were isolated to ensure that observed changes were indeed produced in adipose cells and not in associated stroma. Consistent with previous studies using pioglitazone (19, 53) , ANGPTL4 mRNA levels were increased by RSG, although the effect was small (not shown). However, protein levels were found to be significantly increased in adipocytes isolated from RSG-treated mice (Fig. 3, A and B) . In addition, a significant increase in VEGFA and VEGFB GO, Gene Ontology; Acdc, adiponectin; Angpt14 and -6, angiopoietin-like protein 4 and -6; Mmp19, matrix metalloproteinase 19; Arts1, endoplasmic reticulum aminopeptidase 1; Fgf1, fibroblast growth factor 1. Probes contained in the MOE430-2 Affymetrix gene chip annotated with GO terms "angiogenesis" and "extracellular space" were used to filter databases derived from confluent 3T3-L1 preadipocyte cultures (day 0) and from cells after 6 days of differentiation (day 6). Probe signal and fold change are derived from 3 independent replicates, as described in MATERIALS AND METHODS. C-E: quantitative analysis of capillary sprout formation from aorta (C) or epididymal fat pad explants (D and E) from mice treated with RSG (ϩR) or pioglitazone (ϩP). Sprout formation was significantly (P Ͻ 0.05) decreased in aortas from ob/ob mice compared with C57BL/6J mice. No significant effect of RSG feeding of either C57BL/6J or ob/ob mice on aorta sprout formation was seen. In each experiment, each aorta was divided to 7-12 ring explants, and 4 independent experiments were performed. Total number of explants was n ϭ 41 for C57BL/6J, n ϭ 39 for C57BL/6J ϩ RSG, n ϭ 46 for ob/ob, and n ϭ 45 for ob/ob ϩ RSG. Sprout formation from fat pad explants was significantly increased by RSG feeding of both C57BL/6J (P Ͻ 0.01) and ob/ob mice (P Ͻ 0.001). A significant increase (P Ͻ 0.01) in sprout formation from explants from C57BL/6J compared with ob/ob mice was seen. For each experiment, ϳ20 explants from each experimental group were embedded and counted, and 3-5 independent experiments were performed. Total number of explants in D was n ϭ 72 for C57BL/6J, n ϭ 69 for C57BL/6J ϩ R, n ϭ 123 for ob/ob, and n ϭ 117 for ob/ob ϩ R. Total number of explants in E was n ϭ 94 for ob/ob, n ϭ 88 for ob/ob ϩ R, and n ϭ 92 for ob/ob ϩ P. Data were analyzed by 1-way ANOVA, followed by Tukey's multiple comparison test. expression was observed (Fig. 3C) , consistent with results seen in rat whole adipose tissue (45) .
The finding that VEGFA, VEGFB, and ANGPTL4 are increased in adipocytes in response to systemic RSG treatment prompted us to analyze their capacity to stimulate endothelial cell growth and differentiation and to counteract the inhibitory effects of RSG on endothelial cell growth in vitro. For this purpose, the growth and ability to form capillary branches of HUVEC was analyzed (Fig. 4) . The highest rate of proliferation of HUVEC was seen in EGM-2, the proprietary medium designed to promote proliferation and growth of endothelial cells, and no proliferation was observed in DMEM (Fig. 4A) . Supplementation of DMEM with VEGFA [or basic fibroblast growth factor (bFGF)] increased proliferation to a level similar to that seen in EGM-2. Consistent with prior studies, RSG had a significant inhibitory effect on endothelial cell proliferation in the presence of these growth factors (41, 44) . The formation of capillary tubes by HUVEC (Fig. 4, B and C) , as well as by purified microvascular endothelial cells derived from epididymal fat pads (Fig. 4, D and E) , was also analyzed. Both cell types formed capillary tubes when cultured in EGM-2 or in DMEM supplemented with purified VEGFA or bFGF. However, in all cases, addition of RSG to the medium significantly impaired tube formation.
The role of ANGPTL4 on endothelial cells appears to be highly dependent on the methodology used, displaying proangiogenic activity when secreted from Chinese hamster ovary cells, or produced as a recombinant histidine-tagged protein (23, 31) and antiangiogenic activity when used as a partially purified Flag-tagged construct (25) . Under our conditions, and consistent with prior findings (23, 31) , recombinant ANGPTL4 produced by cell-free translation (Abnova) significantly enhanced capillary sprout formation from aorta rings cultured in proangiogenic medium (Fig. 5A) and, in the absence of any additional proangiogenic factor, stimulated proliferation (Fig.  5B) and induced capillary branch formation (Fig. 5, C and D) of HUVEC. Although highly significant, the effects of ANGPTL4 were smaller than that of VEGFA but, importantly, were qualitatively different in that they were not inhibited by RSG (Fig. 5, B  and C) . When VEGFA and ANGPTL4 were used in combination, an additive effect on proliferation was observed in the absence of RSG (Fig. 5B) . However, in the presence of RSG the effect was more than additive (Fig. 5B) , suggesting that ANGPTL4 rendered cells refractory to the growth inhibitory effects of RSG. Similar results were seen when capillary branch formation was analyzed (Fig. 5, C and D) . These results suggest that the simultaneous secretion of VEGFA and ANGPTL4 by adipocytes in response to RSG could result in robust stimulation of angiogenesis by counteracting the inhibitory effects of RSG on endothelial cells in the vicinity of adipocytes.
To further test this hypothesis, we examined whether ANGPTL4 is proangiogenic in the context of its secretion by adipocytes. As shown previously by others (15) , DMEM conditioned for 24 h by incubation with confluent cultures of Original magnification for HUVEC is ϫ40 and for microvascular endothelial cells is ϫ100. C and E: quantitative analysis of capillary tube formation by HUVEC (C) or microvascular endothelial cells (E). In each experiment, 4 fields of each of 3 wells/condition were analyzed, and the experiment was repeated 3 times (total, n ϭ 36). Statistical analysis was performed by ANOVA followed by Tukey's multiple comparison test. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. EGM-2, endothelial cell basal medium-2 supplemented with endothelial growth factor. RU, relative units. 3T3-L1 adipocytes stimulated HUVEC proliferation (Fig. 6A) and formation of capillary branches (Fig. 6B) . Interestingly, in contrast to the effects of EGM-2 or purified VEGFA or bFGF, the effects of adipocyte-conditioned DMEM were not inhibited by RSG (Fig. 6, A and B) . Supplementation of DMEM through conditioning with other cell types, including nondifferentiated 3T3-L1 preadipocytes, also increased proliferation and capillary branch formation, but generally less than that seen after conditioning with 3T3-L1 adipocytes and in a manner sensitive to inhibition by RSG (Fig. 6, A and B) . To determine whether ANGPTL4 contributes to the proangiogenic effects of 3T3-L1 adipocyte-conditioned medium, we silenced its expression in 3T3-L1 adipocytes using siRNA. On day 5 of differentiation, cells were electroporated with either scrambled or ANGPTL4- Fig. 5 . Effect of recombinant ANGPTL4 on capillary sprout and tube formation. A: effect of ANGPTL4 on capillary sprout formation from aorta explants. Approximately 7 rings were analyzed per experiment per experimental condition, and the experiment was repeated 3 times. One-way ANOVA followed by Tukey's multiple comparison test yielded P Ͻ 0.05 for EGM-2 vs. EGM-2 ϩ 0.5 g/ml ANGPTL4 and for EGM-2 vs. EGM-2 ϩ 5 g/ml ANGPTL4. VEGFA and ANGPTL4 induced HUVEC proliferation (B) and capillary tube formation (C) in the absence or presence (ϩR) of 1 M RSG. B: shown are the mean Ϯ SE of 3 independent experiments performed in triplicate (total, n ϭ 9). C: 4 fields of each of 3 wells/condition were analyzed, and the experiment was repeated 3 times (total, n ϭ 36). Comparison between experimental groups was performed by Tukey's multiple comparison tests. *P Ͻ 0.05; **P Ͻ 0.01; ns, Not significant. D: representative photomicrographs of capillary tube formation by HUVEC on Matrigel after 24-h incubation in the presence of the factors indicated. Original magnification is ϫ40. Bars represent the average of 3 experiments preformed in duplicate. Comparison between experimental groups was performed by 1-way ANOVA followed by Tukey's multiple comparison tests. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. directed siRNA oligonucleotides. Medium was collected and exchanged on days 6 (0 -24 h posttransfection), 7 (24 -48 h posttransfection), and 8 (48 -72 h posttransfection), and the amount of ANGPTL4 that accumulated in the medium during each 24-h interval was quantified by Western blotting (Fig.  6C ). ANGPTL4 accumulated in the medium of cells electroporated with scrambled oligonucleotides at all 24-h intervals. Accumulated levels were slightly higher on day 7 compared with day 6 (0 -24 h posttransfection) and highest at day 8 (48 -72 h posttransfection). However, much less ANGPTL4 accumulated in medium of cells transfected with ANGPTL4-directed siRNA at every interval studied (Fig. 6C) .
Medium from cells electroporated with scrambled or ANGPTL4-directed siRNA was then tested for its ability to support growth (Fig. 6D ) and capillary branch formation (Fig. 6E) by HUVEC in the absence or presence of RSG. As seen with nontransfected cells (Fig. 6, A and B) , medium collected from cells transfected with scrambled oligonucleotides supported HUVEC cell growth and capillary branch formation, and this effect was not suppressed by RSG (Fig. 6, D and E) . Medium collected from cells transfected with ANGPTL4-directed siRNA was significantly less effective at supporting cell proliferation and capillary branch formation, and importantly, cells cultured in ANGPTL4-deficient medium were significantly sensitive to the inhibitory effects of RSG (Fig. 6, D and E) .
The possibility that the effects of silencing ANGPTL4 might result from a parallel decreased secretion of other proangiogenic factors was considered. However, ANGPTL4 silencing had no detectable effect on VEGFA and VEGFB expression (Fig. 6F) . These results, together with the observation that ANGPTL4 alone stimulates endothelial cell growth and differentiation (Fig. 5) , support a model where ANGPTL4 is at least in part directly responsible for the proangiogenic properties of adipocyte-conditioned medium and that it exerts a protective effect against the antiangiogenic actions of RSG.
DISCUSSION
In this study we find that, despite being a strong inhibitor of endothelial cell growth and differentiation, RSG exerts an adipose tissue-specific proangiogenic effect that increases adipose tissue microvasculature. The ability to stimulate adipose tissue angiogenesis is likely to be necessary for the therapeutic effect of TZDs, because adipose tissue expansion requires angiogenesis, and the generation of new active adipocytes capable of storing and catabolizing free fatty acids may be essential for the insulin-sensitizing effects of PPAR␥ activators (3). Neovascularization could also lead to changes in blood flow, which have been reported to be decreased in obese and type 2 diabetic patients and enhanced by RSG and to positively correlate with glucose uptake into adipose tissue (47) .
The finding that the effects of RSG on angiogenesis are tissue dependent and positively influenced by the presence of adipocytes has several important ramifications. One of these is that the effect of PPAR␥ ligands on the risk of cancer may vary markedly with the specific tissues involved. For example, the use of TZDs has been associated with a reduced risk of lung cancer (20) but an increased risk of cancer among women (42) . It is possible that the effects of TZDs to suppress, for example, mammary epithelial tumor cell growth may be superseded by the proangiogenic effects of TZDs in the mammary gland, where adipose tissue is abundant. Also, in diabetes, the angiogenic potential of different vascular beds is altered in different ways. For example, the increased incidence of morbidity and mortality from atherosclerosis in type 2 diabetes is associated with an impaired ability to form collateral vessels (1, 49) . In this context, the antiangiogenic effects of RSG may supersede proangiogenic effects, resulting in enhanced morbidity. However, excessive neovascularization is a hallmark of diabetic retinopathy (28) , and diabetic nephropathy can be considered a disorder of excessive angiogenesis (38) . In this context, antiangiogenic effects of RSG may mitigate the development of complications.
The considerations discussed above suggest that the analysis of the effects of TZD treatment on each specific vascular system in diabetes is required to better define the impact of TZD therapy on the diverse complications of this disease. The findings presented here suggest that these responses can be measured and further studied in ex vivo systems. Ex vivo angiogenic potential of explants from adipose tissue reflects observed changes in adipose tissue in vivo in response to both obesity and treatment with RSG. In both cases, expansion of adipose tissue correlates with increased angiogenic potential ex vivo. Further development and characterization of this assay, and its adaptation to other tissues, will result in a better understanding of the cellular and molecular mechanisms that underlie tissue-specific angiogenic potential, including the role of recruited angiogenic precursor cells, the potential role of adipose tissue infiltrating macrophages (39) , and the stable secretion of pro-and antiangiogenic factors.
Experiments in vitro and in vivo shown here suggest that the adipose tissue-specific proangiogenic effect of RSG may result from the stimulated production by adipocytes of VEGFA and ANGPTL4. ANGPTL4 secreted by adipocytes has a proangiogenic effect that differs qualitatively from the effects of VEGFA in that it renders endothelial cells refractory to the growth-inhibitory effects of PPAR␥ activation. This unique interplay between VEGFA and ANGPTL4 may mediate the increase in vascularization necessary for adipose tissue expansion under conditions of enhanced adipocyte differentiation induced by PPAR␥ activators.
ANGPTL4 has previously been identified as being expressed predominantly in adipose tissue (27) in a manner sensitive to nutritional changes and adipose tissue mass (53) . ANGPTL4 has also been studied extensively due to its unusual effect to directly inhibit lipoprotein lipase, an effect that leads to hypertriglyceridemia upon enforced overexpression of ANGPTL4 in animals (30, 54, 55) , and to decreased levels of triglycerides in animals in which ANGPTL4 is knocked out or neutralized (14, 30) . ANGPTL4 may be an important factor for the stimulation of endothelial cell growth necessary for adipose tissue expansion. However, the multiple effects of ANGPTL4 make the genetic testing of this hypothesis contingent upon identification of the receptor for ANGPTL4 and its disruption in a tissuespecific manner. The results shown here provide the impetus for this line of research.
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